Abstract-Future frequency control methods will be required to operate in faster timeframes than traditional forms of frequency control. Key to providing fast frequency response within low inertia systems will be power electronic (PE) interfaced energy sources. Along with improving the timeframe and quantity of response, they will also need to be scalable without causing detrimental impacts to other forms of dynamic system behavior. Simply allowing the PE-based fast frequency controls to respond quickly under small disturbances may lead to unwanted oscillatory behavior. To overcome this potential behavior, this paper proposes the use of an adaptive frequency control implementation that uses fast Fourier Transform (FFT) along with an adaptive algorithm to detect oscillatory behavior and adjust the time constant of a first order filter. The use of this adaptive frequency control is shown to significantly reduce oscillatory frequency control action for small disturbances, without reducing the timeframe of operation under large disturbances.
INTRODUCTION
As the power system inertia reduces, the ability to contain the system frequency following a large disturbance diminishes. The system angular kinetic energy stored in the rotors of the synchronous generators (SG) -commonly referred to as the system inertia -provides the difference in energy immediately following a large disturbance. This release of energy from SG rotors arrests any sudden changes in frequency and prevents the derivative of the frequency from exceeding statutory limits that are imposed to prevent protective schemes from operating [1] . As system inertia diminishes, new methods for providing frequency response that can operate before existing primary frequency control schemes are required [2] .
When a disturbance occurs in a high inertia system, the energy released from a SG is determined by the size of the disturbance, the electrical distance between the disturbance and the SG, and the inertia of the machine. The energy released is also shared among all of the other directly connected synchronously connected energy sources [3] . Due to reduced inertial energy, research is underway into new forms of fast frequency response involving the use of wind power plants (WPP) to release their inertial energy as in [4, 5] . There are also studies using large scale battery storage for fast frequency containment as in [6, 7] . It is expected that there will be numerous sizes of power electronic (PE) connected energy sources, the largest PE connections being transmission level connected HVDC interconnectors. A suitable PE candidate is the voltage source converter (VSC). VSC technology provides a greater level of control over the classic line commutated converter which makes it more desirable for use when also providing ancillary services such as frequency response [8, 9] .
Future frequency response from fast operating devices using VSC operating in grid-following mode (as is expected during the transition to greater PE penetration) will have to respond based on a measured system value, predominantly the system frequency. Due to the structure and design of a VSC, they have the ability to respond in much shorter timeframes than the primary control of a SG as there are no mechanical or thermal processes which limit response speed. This makes them extremely beneficial for providing fast frequency response (FFR). As the number of renewable energy sources connected using VSC technology increases, so will the potential to provide increased levels of fast frequency response. A future concern will be the ability to provide fast frequency response with a sufficient amount of energy to contain the frequency following a large disturbance without having a detrimental impact on the system frequency and rotor angle stability following a small disturbance. It will be crucial to retain frequency and rotor angle stability following a small disturbance without compromising the ability to contain the frequency after a large disturbance.
To allow scalability of FFR devices and ensure that the frequency or rotor angle stability is not negatively impacted under large and small disturbances, a reduction on the speed or quantity of frequency containment action may be required. Any such adjustment would limit the speed of response of the FFR device and ultimately could reduce its impact on the frequency containment process. An ideal solution would be to adapt the operation of the FFR device depending on the situation. This paper will introduce an adaptive frequency controller for a VSC frequency control loop. The overall aim of this research is to enable the VSC to provide FFR without causing detrimental stability impacts, particularly with consideration of small disturbances.
II. THE NECESSITY FOR FAST FREQUENCY RESPONSE
A common equation for stability analysis is the swing equation given by (1) , where ‫ܪ‬ is the inertia constant, ܲ and ܲ are the mechanical and electrical power and ‫ܭ‬ ௗ ߱ is the rotor damping component. Viewing the swing equation in (1) highlights that as the overall system inertia ሺ‫ܪ‬ሻ reduces, and the increase in mechanical power remains constrained by the SG physical properties, the speed of the frequency deviation known as the rate of change of frequency (ROCOF) will increase. The inevitable reduction in inertia will lead to the requirement for frequency control services to respond faster than they traditionally have done to alleviate the imbalance between mechanical and electrical power. Proportional based strategies known as droop control are incorporated into SGs with typical droop slope values in the range of 3-5%. The slope of the droop in a SG is limited by the physical properties of the machine which prevents it from simply being increased to cope with faster changes in system frequency.
As future power electronic connected energy sources will not provide any natural inertial response, they will need to provide frequency response faster than the primary control of a SG. If they are to provide frequency response services using a droop based control strategy, the droop slope may need to be significantly steeper to cover some of the energy that has typically been provided by the SG kinetic energy as highlighted by [10] . FFR based on measured signals will never be able to naturally respond like the inertial response from a SG, but with increased droop, they can provide a sufficient amount of energy to limit the ROCOF. As well as providing sufficient amounts of energy following a disturbance, the timeframe for the response to operate will also be crucial. Current expectations from the UK system operator are that FFR will start to respond within 1 s [2] .
III. VSC-HVDC FREQUENCY CONTROL
The full cascaded VSC-HVDC control structure and its operation is reviewed in [11, 12] . Within the cascaded control structure there are current limits and set point ramping limits, which prevent the converter from operating outside design limits. In order to enable the converter to provide frequency response, a supplementary control loop is required. The supplementary frequency control loop output provides an additional power reference ሺοܲሻ into the outer control loop displayed in Fig.1a [13] . Limiting factors affecting the response are the phase lock loop (PLL) which measures the system frequency, the gain component ൫‫ܭ‬ ൯ǡ and potentially any other delays introduced from the signal processing.
To improve the frequency response capability, the PLL bandwidth could be increased, and/or the value of ‫ܭ‬ . For large disturbances, increasing these parameters would be beneficial as a larger quantity of energy would be injected over shorter timeframes. However, for smaller disturbances, increasing these parameters can lead to unwanted oscillatory behavior or limit cycling from the frequency control loop. Unwanted behavior occurring from the converter control loop is dependent on the value of ‫ܭ‬ , the system inertia, and the quantity of FFR operating in the system. To highlight this behavior, four scenarios described in Table I are used. These scenarios are representative of disturbances of different size in a transmission system approximately scaled to the Great British power system at low inertia levels. These disturbances are all less than the maximum infeed loss scenarios for the GB system which is 1800 MW. The resultant outputs of the VSC frequency control loop for these scenarios are displayed in Fig.2 . This highlights the potential detrimental impact of providing FFR under small disturbances. The frequency control in scenario 1 operates first because the frequency exits the set deadband faster than the other scenarios, due to it being subject to the largest disturbance. Frequency control output, ¨P (pu)
To prevent this unwanted action from the converter due to the frequency control loop, the gain could be reduced or the PLL bandwidth could be reduced. These both reduce the response from the converter leading to a lower impact from the FFR. An alternative could be to introduce a first order lag filter displayed in Fig.1b for the measured frequency value to act as a band pass and limit the converter response to frequencies above a certain range. However, the introduction of a first order filter would reduce the FFR capability of the converter. Although this will have a positive impact for small disturbances in low inertia networks when multiple devices are providing FFR, it would be unfavorable for large disturbances or when there is limited FFR connected. The impact of the addition of a first order filter with a time constant of 0.5s on the converter output for an example situation with a large disturbance is displayed in Fig.3 and Fig.4 . The ability to provide FFR that is capable of being applied for large and small disturbances may become a challenge as the network changes and the number of FFR devices connected increases. Future practical implementations of FFR will need to be scalable without the need to be constantly retuned and without causing detrimental system impacts.
IV. AUGMENTED VSC-HVDC FREQUENCY CONTROLLER
An adaptive filter has been designed in this work in order to prevent unwanted oscillatory frequency control behavior without slowing down the speed of the converter response. This adaptive filter allows the converter to provide large quantities of response for large disturbances. At the same time, if oscillatory or limit cycle behavior is detected, it varies the filter time constant to reduce or remove the undesirable behavior. The method proposed in this paper is displayed in Fig.5 and is a corrective action instead of a preventative one. The adaptive controller detects any oscillating or limit cycle behavior in the output of the frequency control loop and adjusts the time constant of the first order filter. The dominant frequency detected is used to determine a time constant for the first order filter. To prevent any sudden filter operation changes, the new time constant is ramped up to the new value with a gradient limit of 1 s/s. Once any output oscillations have settled down, the filter time constant is returned to its original value enabling the controller to respond as fast as possible once again. Detecting any oscillations in the output of the frequency controller could be achieved using a number of different methods. In this research, the detection is completed using a discrete Fourier transform given by (2) where ݇ is an individual sample, ܰ is the number of samples and ܶ is the time sample separation. To improve computing time, the discrete Fourier transform is achieved by applying a fast Fourier transform (FFT) algorithm. The chosen sampling rate is 500 Hz and the number of samples is 2000, producing a resolution of 0.25 Hz. The output vector from the FFT that contains the transformed time domain signal information is passed to the adaptive algorithm displayed in Fig.6 . The high frequency components from the measured frequency signal are expected to have been filtered out due to the PLL bandwidth, which does not have to be as large for the frequency measurement as for the converter synchronization. The adaptive control algorithm determines the frequency with the largest magnitude that is detected by the FFT and based on that, sets a time constant for the first order filter. The FFT output only occurs when a set number of samples have been processed which requires a compromise between the speed that the adaptive control can adjust for any oscillations due to the controller and the precision of the detected frequencies in the output. Taking this into consideration, once the adaptive algorithm has determined the frequency with the largest magnitude, it calculates the time period of that frequency ሺܶ ௫ ሻ and determines the filter time constant as (3) which is used to overcompensate for any errors at the detection stage. The value of ߬ ௦ is expected to be in the range of 0-2 s but is dependent on the system dynamics. More elaborate methods could be applied at this point to improve the decision making and tuning of the value for ‫,ݏ߬‬ but at this point a simple approach has been applied. In order to investigate the adaptive FFR scheme, a generic four area test system has been created as displayed in Fig.7 . Each area has an aggregated SG, WPP and load. Area 1 has an aggregated VSC that encompasses the VSC frequency control loop. The test system has been created to be representative of a future low inertia system. In this test system scenario, synchronous generation makes up 40% and non-synchronous generation makes up 60% of the load with the parameters for each area given in Table II . Each SG operates with an IEEET1 AVR and an IEEEG1 governor. All transmission lines have an impedance of 0.375+j3.75 ȍ. The average value VSC model incorporates dq-vector control which has inner and outer loops. The disturbance to create the frequency stability event is the disconnection of a proportion of non-SG in area 4. Different test cases will explore different sizes of disconnection. The total system inertia is 120 GVA.s with each SG having an inertia constant (H) of 4 s. The SG governor models do not incorporate a dead band, but the dead band is implemented in the VSC frequency control loop and is +/-15 mHz. The available FFR from the VSC is 1000 MW. This is representative of an aggregation of multiple FFR services which could not only include interconnectors, but also large scale battery storage.
The test system has been implemented in DIgSILENT Powerfactory 2017 and the adaptive algorithm has been implemented in MATLAB R2016a. DIgSILENT interfaces to MATLAB every simulation time step in order to achieve the relevant calculations. The simulation time step for the RMS simulation is 1 ms which allows a clock frequency of 500 Hz which is used for the FFT sampling signal. 
A. Test case 1
The first test case for comparison has a disturbance size of 150 MW and a VSC frequency control gain ൫݇ ൯ of 150 with a view of investigating how the controller can reduce oscillatory output behavior due to the FFR. The VSC frequency control loop output ሺοܲሻ is displayed in Fig.8 and compares the output without the adaptive control and with the adaptive control. When the frequency control loop activates there is no difference in the speed of the response and both control types lead to an initial output oscillation. However, the adaptive control detects the oscillation and applies a time constant to the first order filter which reduces the frequency pass band of the filter. As the disturbance is relatively small, the overall frequency deviation is minimal. The adaptive control prevents sustained injection of power oscillations being injected into the network and causing frequency oscillations as displayed in Fig.9 . Depending on network topology and rotor angle stability factors, these oscillations could lead to rotor angle stability issues. The first order filter time constant value is displayed in Fig.10 and shows the value is increased via a ramp when the adaptive controller detects oscillatory behavior. The filter value is reduced back to zero by the adaptive controller as the oscillations decrease. In this study the adaptive controller and FFT setup does not have the resolution to distinguish between the subtle frequency changes between each case, this leads to a similar filter time constant profile for each case. 
B. Test case 2
For the second test case, the frequency control gain is increased to 175 but all other parameters are the same as test case 1. In this test case, due to the larger value of gain applied, the control action is larger leading to greater oscillation magnitude without adaptive control as displayed in Fig.11 . Similar to test case 1, both the non-adaptive and adaptive control initially respond in the same manner to begin until the adaptive control has detected the oscillations in the controller output. In this test case, without the adaptive frequency control, larger power oscillations would be injected into the network as displayed in Fig.12 which would increase the risk of rotor angle stability issues. In this particular case, without the adaptive controller the oscillations were not reducing or being damped out. 
C. Test case 3
This third test case investigates the influence of the adaptive control when a large disturbance occurs. The aim of the adaptive control is to not reduce the speed of the response when a large disturbance occurs. This test case will examine if the adaptive control reduces the speed of response which could lead to an increased rate of change of frequency or worse frequency nadir. In this test case the disturbance size is 1800 MW and the VSC frequency control gain value is 150.
In Fig.13 , the non-adaptive and the adaptive VSC frequency control outputs do vary slightly. The FFT has detected some small oscillatory action and has adapted the first order filter time constant. It is important to remember that although the frequency control loop may be large, the converter output is limited by the inner and outer control loops depending on head room. This detection of a slight oscillation and the subsequent change in the filter time constant does not reduce the ability of the converter to provide FFR for large disturbances as displayed in Fig.14 where no difference in ROCOF or frequency nadir is seen. The impact of FFR with and without adaptive control is also compared against a scenario where no FFR is applied in order to show that the FFR does have a system impact. 
D. Test case 4
The fourth test case is presented to highlight what impact the adaptive controller has when a medium size disturbance occurs on the network. In this test case the disturbance size is 500 MW allowing the frequency deviation to be more significant than case 1 and 2, but not as severe as case 3.
It is observed in Fig.15 that similar to test cases 1 and 2, due to the high gain value of the FFR, oscillations are introduced. In Fig.16 the adaptive controller is shown to allow initial frequency containment the same as without the adaptive controller. This displays the adaptive controller does not reduce the speed or quantity of initial power injection. Following the initial containment, the adaptive frequency controller is shown to damp out any unwanted oscillations introduced by the FFR in Fig.16 . This research paper has re-emphasized the need for FFR schemes for future low inertia power systems. It has also highlighted that certain factors, namely, system inertia, FFR response time, FFR power injection quantity, and disturbance size, could create situations where the FFR schemes inject unwanted power oscillations into the network. This is expected to be more prevalent when there is an increasing quantity of FFR connected to the network and the network is subject to small disturbances.
To enable larger quantities of FFR to be connected to future low inertia systems, without leading to the situation where unwanted oscillatory action is introduced; this paper has presented a simple adaptive FFR control scheme for a VSC system. The adaptive control process utilizes a FFT method to detect oscillations in the output of the frequency controller. A resultant time constant determined by an adaptive algorithm is then applied to a first order filter on the frequency measurement signal in order to reduce the injection of oscillations by the frequency controller. This simple adaptive control method has been shown via simulation to enable the converter to respond quickly (the same as with no adaptive control) to large disturbances. Under small disturbances, the adaptive controller reduces the unwanted power oscillations introduced.
The test cases presented have highlighted how an adaptive frequency control scheme could be implemented to allow a greater quantity of FFR to be connected to the network by limiting the impact following low disturbance scenarios. Future work will investigate more efficient algorithms to detect unwanted frequency control behavior as the FFT is limited by the sample frequency and number of samples. Future work will also involve more robust methods for assigning the filter time constant based on the detected oscillatory behavior. 
